Fracture haematoma forms immediately after fracture and is considered essential for the bone healing process. Its molecular composition has been briefly investigated with our current understanding being based on animal studies. This study aims to analyse the inflammatory cytokine content of fracture haematoma in humans and determine its effect on osteoprogenitor cells. Twenty-three patients were recruited following informed consent. Peripheral blood, fracture haematoma and bone were collected. A Luminex assay on the levels of 34 cytokines was performed and autologous peripheral blood samples served as control. Mesenchymal Stem Cells (MSCs) were isolated following collagenase digestion and functional assays were performed. Gene expression analysis of 84 key osteogenic molecules was performed. Thirty-three inflammatory cytokines were found to be significantly raised in fracture haematoma when compared to peripheral serum (p < 0.05). Amongst the most raised molecules were IL-8, IL-11 and MMP1, -2 and -3. Fracture haematoma did not significantly affect MSC proliferation, but ALP activity and calcium deposition were significantly increased in the MSCs undergoing osteogenic differentiation. Medium supplementations with fracture haematoma resulted in a statistically significant upregulation of osteogenic genes including the EGF, FGF2 and VEGFA. This seems to be the pathway involved in the osteogenic effect of fracture haematoma on bone cells. In conclusion, fracture haematoma is found to be a medium rich in inflammatory and immunomodulatory mediators. At the same time, it contains high levels of anti-inflammatory molecules, regulates osteoclastogenesis, induces angiogenesis and the production of the extracellular matrix. It appears that fracture haematoma does not affect osteoprogenitor cells proliferation as previously thought, but induces an osteogenic phenotype.
Introduction
Bone healing is a complex process of interlinked events that leads to fracture healing [1] [2] [3] . It starts with the formation of haematoma, which is a rich medium characterized by abundance of a great variety of cells types, cytokines and chemokines [1] . It has been suggested that fracture haematoma is the foundation of bone healing and an essential element for the overall healing process [4] . This argument is supported clinically but also experimentally by several studies, suggesting that it contains all the required signals to initiate and actively promote the formation of new bone [4] [5] [6] [7] [8] .
Implantation of fracture haematoma into soft tissues was also associated with commencement of a healing response characterized by the deposition of calcium [5] . On the contrary, some authors have shown detrimental results when fracture haematoma was removed [4, 6, 7] . In clinical studies, the debridement and irrigation of the fracture site within two days after fracture has shown to have the worst prognosis in terms of healing as compared to a debridement at a later stage [6] . Moreover, murine open osteotomies healed more slowly than closed fractures, an outcome attributed to the irrigation of fracture haematoma [7] .
Fracture haematoma seems to be important in bone healing, but its exact cellular and molecular composition remains obscure. The limited evidence currently available mostly involves animal models. However, their fracture healing physiology is different to that of humans and therefore is not directly comparable. The aims of this study were two-fold. Firstly, it aims to analyse the inflammatory cytokine content of human fracture haematoma; secondly to determine the proliferative and osteogenic capacity of fracture haematoma compared to peripheral blood and standard culture media.
Materials and Methods

Patients
Between January 2015 and August 2016, patients were invited to participate in this study. Ethics committee approval was obtained (Ref number Q1206/127). Inclusion criteria included healthy adult patients admitted in our institution with closed, simple (two-part) long bone fractures requiring operative treatment. The exclusion criteria included pathological fractures, local and systemic inflammatory conditions and use of steroids or previous radiotherapy. Patients to whom surgery was delayed for more than 48 h from injury were also excluded.
In total, 23 consecutive patients (15 males; mean age of 41.3 years; range: 23 to 60 years) met the inclusion and participated in this study. The average time to surgery was 23 h (9 to 42 h). The most prevalent injury was a tibial shaft fracture (n = 16) followed by fibular (n = 3), femoral (n = 2) and radial fractures (n = 2).
Isolation and Preparation of Peripheral Serum and Fracture Haematoma
A total of 10 mL of peripheral venous blood was collected at the induction of surgery. Prior to any surgical intervention, 0.5 mL of fracture haematoma was also collected. Fracture haematoma collection was performed percutaneously, before any surgical intervention. Prior to the aspiration of fracture haematoma the needle position was checked on anteroposterior and lateral fluoroscopic views. The blood was collected into serum separation containers without anticoagulant and allowed to clot. It was processed within 2 h of collection and was kept on ice. The clotted blood was then centrifuged at 1500× g rpm for 20 min and the serum was extracted. All serum was aliquoted in Eppendorf tubes and was stored in a −80 • C freezer before use.
Isolation of Mesenchymal Stem Cells (MSCs)
In addition to the blood collection, bone was also harvested intra-operatively from the fracture site from 12 patients (previously described protocols) [9] [10] [11] [12] [13] [14] . MSCs were isolated from bone using enzymatic digestion with collagenase 0.25% (Stem Cell Technologies, Vancouver, BC, Canada) for 4 h (37 • C, 5% CO). 20 × 10 6 collagenase-released cells were placed into 25 cm 2 flasks and grown to passage (p) 3. Phenotypic characterization was performed for all donors to depict the nature of cultures grown using flow cytometry (standard panel of cell surface receptors CD73, CD90 and CD105, and of haematopoetic markers CD45, CD34, CD11b, CD79α and HLA-DR) [9] [10] [11] [12] [13] [14] . All cell samples were positive for the three markers, and tested negative for the negative marker cocktail containing all of the relevant haematopoetic markers (Figure 1 ). 
Analysis of Proliferation
The effect of fracture haematoma on MSCs' proliferation was assessed on cells of 12 donors according to the number of viable cells (XTT assay). Controls included cells grown on peripheral serum and standard media containing fetal calf sera. For the XTT assay 96-well-plates were used and the cells were seeded in triplicate. The cells were allowed to proliferate for 72 h and on day 3, XTT dye was added according to manufacturers' instructions. The optical densities were proportional to the number of viable cells.
Analysis of Osteogenic Differentiation
Osteogenic induction was performed using p3 cells from MSCs from 10 donors using standard protocols previously described [9] [10] [11] [12] [13] [14] . Briefly, the quantitative measurement of Alkaline Phosphatase (ALP) activity (Sigma, St. Louis, MO, USA, N-7653) in the cellular protein fraction was performed at day 10 following osteogenic induction. The total calcium deposition was measured at day 21 of osteogenic differentiation (Calcium Colorimetric Assay Kit, Sigma-Aldrich. MAK022, St. Louis, MO, USA). Both assays were performed under manufacturer instructions.
Osteogenic RT2 Profiler PCR Array
Cells from five patients were cultured under osteogenic conditions with either autologous peripheral serum or fracture haematoma. On day 10 of osteogenic differentiation, the cells were harvested and their expression of osteogenic molecules was assessed with a rtPCR array. These experiments were performed in QIAGEN laboratories and the genes examined can be found in Table  1 . 
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Fibroblast growth factor receptor 1
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Fibroblast growth factor receptor 2
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Fms-related tyrosine kinase 1 (vascular endothelial growth factor/vascular permeability factor receptor) FN1 Fibronectin 1 
Statistical Analysis
Assumption of normality was tested with a one-sample Kolmogorov-Smirnov test. Data are expressed as mean (standard deviation) or median (range) as appropriate. Parametric and nonparametric data were compared using the paired Student's t-test and non-parametric tests respectively. The cut-off value for significance was p = 0.05. All calculations were done using the Statistical Package for the Social Sciences (SPSS, version 25.0, IBM, New York, NY, USA).
Results
Cytokines in Fracture Haematoma
Of the 37 cytokines measured in fracture haematoma and peripheral serum, IL-27 (p28 subunit), IL-32 and IL-34 were out of the detection range for the assay [ Table 2 ]. All the rest, apart from osteocalcin, had a statistically significantly higher concentration in fracture haematoma than the respective autologous peripheral serum. The lowest statistically significant measured value was seen in IFN-y and IL-28a, both at 1.69-fold increase. The highest measured significant value was seen in IL-11, at 1698.03-fold to the peripheral serum. Other particularly high differences included the IL-8 at 235.31-fold increase, MMP2 at 13.39-fold increase, MMP1 at 13.34-fold increase and MMP3 at 12.97-fold increase.
Interestingly, the levels of anti-inflammatory molecules were raised alongside the inflammatory cytokines. IL-10, was significantly higher in fracture haematoma at a value of 5-fold (p < 0.001). IL-11, a potent anti-inflammatory molecule produced by cells of mesenchyme origin, was statistically significant increased compared to peripheral circulation levels (1698.03-fold difference). IL-12 and IFN that have cytoprotective and antiresorptive effect were also raised [1] .
As well as performing concentration analysis, several linear regression analyses were performed to ascertain a relationship between other measured variables. Age, gender, time between fracture and sample collection, white cell counts (WCC), neutrophil counts and platelet counts were compared with cytokine concentrations in fracture haematoma and peripheral serum. Of all the variables, time between fracture and sample collection, WCC, neutrophil counts and platelet counts showed trends with cytokine concentrations. Total WCC, neutrophil counts and platelet counts were seen to correlate with several cytokines. Total WCC were seen to significantly correlate positively with BAFF (r 2 = 0.39), INF-y (r 2 = 0.34), IL-2 (r 2 = 0.31), IL-19 (r 2 = 0.29), IL-26 (r 2 = 0.42), IL-28a (r 2 = 0.30), IL-29 (r 2 = 0.40), sTNF-R1 (r 2 = 0.34), sTNF-R2 (r 2 = 0.32), TSLP (r 2 = 0.40) and TWEAK (r 2 = 0.59). Similarly, significantly positive correlations were seen between neutrophil counts and fracture haematoma concentrations of BAFF (r 2 = 0.29), IL-26 (r 2 = 0.31) and IL-29 (r 2 = 0.35). Platelet counts were seen to significantly correlate positively with alternative cytokines in fracture haematoma, namely sCD30 (r 2 = 0.40), IL-20 (r 2 = 0.44), IL-26 (r 2 = 0.42), MMP-3 (r 2 = 0.31) and osteopontin (r 2 = 0.34). 
Proliferative Potential of Fracture Haematoma
An XTT assay was performed on MSCs to determine the proliferative potential of fracture haematoma compared to FBS and autologous serum ( Figure 2) . No statistically significant differences in proliferation rates were seen between the three different culture conditions. were seen to significantly correlate positively with alternative cytokines in fracture haematoma, namely sCD30 (r 2 = 0.40), IL-20 (r 2 = 0.44), IL-26 (r 2 = 0.42), MMP-3 (r 2 = 0.31) and osteopontin (r 2 = 0.34).
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Osteogenic Potential of Fracture Haematoma
ALP Activity Assay
The measured ALP activity in osteoblasts cultured in 10% fracture haematoma was significantly higher (74%; p < 0.001) when compared to those cells supplemented with 10% autologous serum (Figure 3) . Similarly, the ALP activity of cells complemented with fracture haematoma was 119% higher (p < 0.0001) compared to that of 10% FBS supplementation. J. Clin. Med. 2020, 9, x FOR PEER REVIEW 9 of 16
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Calcium Assay
A 70% increase in calcium deposition was seen in cells cultured in fracture haematoma compared to autologous peripheral serum (Figure 4) . The difference in cells cultured in human peripheral serum versus fetal animal sera was 112%. 
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Gene Expression Analysis
A number of molecules demonstrated significant upregulation when exposed to fracture haematoma [ Table 3 ]. Among the over-expressed molecules, EGF expression was upregulated by 35-fold (p < 0.01). VCAM1 and VEGFA were upregulated by 20.5-and 5.2-fold respectively (p < 0.01). Other molecules that were found upregulated included chordin (5.9-fold), SOX9 (3.8-fold), FGF2 (3.7-fold) and BMP4 (2.6-fold) (all p < 0.05). Statistically significant down-regulation of several molecules was also noted. BMP3 and PHEX showed the highest down-regulation with 8.0-fold and 7.2-fold respectively. BMPR1B, COL3A1 and COL14A1 were also statistically significant down-regulated. Optical Density p = 0.002 p = 0.002 p = 0.0059 p=0.006 p=0.002 p=0.002 Figure 4 . Box plots demonstrating the measured optical densities from the calcium colorimetric assay. Comparisons of calcium deposition between cells cultured in 10% FBS supplementation, 10% autologous serum and 10% fracture haematoma.
A number of molecules demonstrated significant upregulation when exposed to fracture haematoma [ Table 3 ]. Among the over-expressed molecules, EGF expression was upregulated by 35-fold (p < 0.01). VCAM1 and VEGFA were upregulated by 20.5-and 5.2-fold respectively (p < 0.01). Other molecules that were found upregulated included chordin (5.9-fold), SOX9 (3.8-fold), FGF2 (3.7-fold) and BMP4 (2.6-fold) (all p < 0.05). Statistically significant down-regulation of several molecules was also noted. BMP3 and PHEX showed the highest down-regulation with 8.0-fold and 7.2-fold respectively. BMPR1B, COL3A1 and COL14A1 were also statistically significant down-regulated. 
Discussion
Our understanding on the role of fracture haematoma in humans is largely obscure and based on animal studies. This study attempts to expand our current understanding on the composition of fracture haematoma and present its direct effect on the cellular functions and expression in vitro.
Previous research has only dealt with only certain cytokines including IL-6, IL-8 IL-10, IL-12, MCP and M-CSF [15] [16] [17] [18] . Our study is in agreement with some animal studies showing significant increases in the IL-8 and IL-10 cytokines when compared to peripheral blood [15] [16] [17] . Differences with previous research were also noted. Significantly higher concentrations of IL-10 and IL-12 are published in the literature; in the case of IL-12 (p70), levels of 591 ± 326 pg/mL were reported compared to a median value of 3.12 pg/mL (2.11-3.73 IQR) measured by in our study. These differences could be attributed to the method of fracture haematoma isolation, as Hauser et al. utilised urokinase to release cytokines from the fibrin matrix [16] . Hauser et al. were also unable to detect levels of IL-2 in their study. This could be potentially due to the sample preparation.
The baseline levels of these cytokines in peripheral circulation in healthy controls are largely unknown. From the limited evidence available IL-8 levels ranged between 3.00 and 3.5 pg/mL in the general population while the mean value in patients with fracture was 32 pg/mL in our study [19] . IL-11 healthy control levels were found to average at 24.6 pg/mL [20] . In our study, peripheral levels were only 1.75 pg/mL in peripheral circulation and 797 pg/mL locally in fracture haematoma. Similarly, IL-10 levels were 113.2 pg/mL in healthy controls while 9.81 pg/mL in our study [21] . As already reported by other studies, the levels of anti-inflammatory molecules like IL-10 and IL-11 reduce in some inflammatory conditions like infection and psoriasis [22] [23] [24] . However, further elucidation of their exact role in humans is needed.
In addition to previous published evidence, the herein study adds significant evidence on the haematoma composition and the biology of the initial fracture healing response. The presence of increased levels of several inflammatory and immunomodulatory molecules is noted. In addition to IL-6 and IL-12, other inflammatory molecules are present in haematoma including sTNF-R1, Interferons, sCD30, BAFF Chitinase-3-like 1 sTNF-R2, IL-22, IL-26, Pentaxin-3 [25] . Their presence suggests that inflammation is the landmark of the early stages of bone healing. At the same time, it also becomes evident that strong anti-inflammatory signals are present in the fracture haematoma. The levels of IL-10 (4-fold), IL-19 (2-fold), IL-27 (3-fold increase), IL-28a (2-fold increase) and IL-11 (450-fold increase); all these molecules are considered major anti-inflammatory cytokines [19, 20] . Similarly to the inflammation, molecules known to promote osteoclastogenesis like TWEAK were present but at the same time IL-29 and IL-35 that are known to inhibit osteoclastogenesis were also present in increased concentrations [26] [27] [28] [29] . Several MMPs and the TSLP known to promote collagen and extracellular matrix synthesis were also present [30] [31] [32] . Evidence that angiogenesis is initiated early is also obvious by the increased levels of CD163 [33, 34] . Finally, IL-8, a chemo-attractant of bone progenitor cells were also present in increased concentrations [35] . The presence of the above molecules in increased concentrations highlight the complexity of the interactions of molecules of the early stages of fracture healing.
Our study also investigated the relationship between the levels of these cytokines to fracture characteristics and circulating numbers of specific cell types. Only one cytokine measured, TWEAK, exhibited a significant trend against time from fracture. One potential explanation for this decrease could be the reduction in inflammatory cell counts observed in fracture haematoma as time progresses [18, 36] . In a similar manner, the significant trends observed between certain cytokines, patient peripheral WCC and neutrophil counts could be attributed to the pro-inflammatory state encountered following trauma. Platelet counts were also found to significantly correlate with sCD30, IL-20, IL-26, MMP-3 and osteopontin. Although the underlying mechanism is currently obscure, the chemotactic actions of PDGF produced by the cells could be responsible for these results.
In the second part of the study, we tried to identify what is the effect of fracture haematoma on osteoprogenitor cells in vitro. Surprisingly, fracture haematoma did not affect MSC proliferation but a positive effect of osteogenic differentiation was noted. In line with previous animal studies this effect can be attributed to the upregulated cytokine levels [37] . In particular, evidence suggests that IL-6 negatively regulates the proliferation of osteoblasts in vitro [38] . IL-22 was found to promote osteogenesis but had no effect on MSCs proliferation [39] . High levels of IL-10 were found to induce an osteogenic phenotype [40] . IFN-γ can induce the apoptosis of MSCs while IL-27 can modulate their proliferation [41] . Further elucidation of the influence of the local microenvironment on the actions of these cytokines is needed; these molecules could potentially have dual or even opposing roles in different conditions.
In an attempt to further explain the finding of the functional assays, gene expression analysis was performed. MSCs were cultured with osteogenic medium containing either autologous peripheral serum or fracture haematoma. The cell cultures with fracture haematoma showed higher expression of a number of genes implicated in osteogenesis. More specifically, a strong statistically significant expression of the EGF was noted. EGF is known to promote osteogenesis and bone healing by several studies [42] . VEGFA and FGF2 were found upregulated in the herein study. Both molecules are known to regulate and promote osteogenic differentiation [43] . SOX9, a transcription factor implicated in MSC differentiation, was also upregulated in cell exposed to fracture haematoma [44] . The significance of the down-regulated molecules is difficult to explain. BMP3 showed the highest downregulation. BMP3 suppresses osteogenic differentiation and inhibits bone formation, so its down-regulation is an indicator of enhanced osteogenesis [45] . The significance of the remaining down-regulated genes is currently unknown. It should be pointed out that BMPs, TGF beta, and Runx2 were expressed at the same level as many other cytokines. The herein study does not support any preferential role for these three classes of molecules in the healing process.
Overall, this study provides evidence on the osteogenic effect of fracture haematoma, which seems to be related to the upregulation of expression of several molecules. The study also provides evidence on the inflammatory profile of fracture haematoma in humans, describing the molecules present in fracture haematoma and their concentration. Expanding our understanding on human biology is crucial as the majority of our understanding in regards to bone healing in humans derive from animal models. Critical differences in the presences and levels of these cytokines exist between the different animal models and humans [1, 15] . For example, in the study of Horst et al., IL-8 levels were 658.29 ± 84.11 pg/mL at 14 h following fracture in pigs while in the peripheral serum concentration was 148.90 ± 25.85 pg/mL. The mean value in humans was 5.243 (1.579-12.23) ng/mL, which is approximately 8-times higher. Significant differences in other fracture haematoma cytokines between animals and humans exists (reviewed and presented by Walters et al.) [1] . In addition to the levels of the cytokines, animals exhibit differences in the composition of bone, the phenotype of bone cells, several bone cell responses including their response to trauma and inflammation [46] [47] [48] [49] [50] [51] [52] [53] [54] . The mechanical forces exerted on the bone and anatomy of the bones in animals are significantly different to that of humans [46] [47] [48] [49] [50] [51] [52] [53] [54] . These differences could explain the enhanced recovery following fracture seen in small species in comparison to bigger animal models but also to humans.
Several future directions can be considered based on the results of this study. Firstly, there is need to elucidate the role and function of these inflammatory cytokines found in fracture haematoma. There is scope to further expand on the reactive oxygen species that are produced under inflammatory or ischemic conditions due to blood supply disruption vessel soft tissue damage. The mechanisms governing the oxidative stress and relation to the presence and levels of these cytokines might allow us to uncover the exact mechanism of cell damage during the fracture healing process. Correlation of the mechanical environment and the levels of these growth factors is a novel are of further research. For instance, it is known that the mechanical environment affects size and shape of callus, hence, it is likely that a different levels of growth factors are seen between stable fractures and those allowed to heal with relative stability [47, 49] . Another area of interest is the inhomogeneity of fracture heamatoma, especially at the early stages, when the cells are mainly localized near the ruptured periosteum at the periphery [47, 49] . Hence, exploring the role of the cells present in fracture haematoma and their contribution in the local phenotype is needed. There is vivid interest to investigate whether any of these molecules can serve as biomarker for delayed unions or non-union. Maybe the modulations of the levels of these inflammatory cytokines can provide novel strategies to enhance bone healing. In a similar manner, further studies are sought to investigate the relation of these molecules to the expression of osteogenic genes. Unfortunately, due to limited sample size this was not feasible in our study. Recent research has shown some promise, with TNF-α improving fracture healing in a murine model, but this area of biological response modification is still evolving [55] . The wide range of molecules covered in the herein study opens avenues for new molecular targets. With the advent of molecular therapy in fracture healing, this research could provide the basis for future treatments, ultimately reducing fracture healing times and the burden of fracture non-union.
Conclusions
Fracture haematoma is a rich medium in which inflammatory molecules are present, being significantly elevated compared to the levels usually met in the peripheral circulation. In addition to several inflammatory and immunomodulatory molecules, fracture haematoma seems to contain high levels of anti-inflammatory molecules, regulate osteoclastogenesis and induce angiogenesis and the production of the extracellular matrix. In-vitro functional assays highlighted that fracture haematoma does not affect the proliferation of MSCs, however, it exerts an osteogenic effect. This osteogenic induction is explained by the overexpression of several osteogenic molecules including EGF, FGFR2 and VEGFA.
Author Contributions: I.P. and G.W. were responsible for performing experiments, analysed the data and prepared the first draft paper. M.P. has assisted in the gene analysis and the final editing of the manuscript. T.A.E. provided expertise and was involved in final editing of the manuscript. I.P. and P.V.G. overlooked the project, performed the final edits and the revisions of the manuscript. All authors have read and agreed to the published version of the manuscript.
Funding:
This study was supported by AO-UK.
Conflicts of Interest:
The authors report no conflicts of interest. The authors alone are responsible for the content and writing of the paper. No benefits in any form have been received or will be received from a commercial party related directly or indirectly to the subject of this article.
